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Abstract The objective of this study was to investigate
effects of tetrabromobisphenol A (TBBPA) on soybean
seedlings. Growth and physiological parameters of soybean
seedlings were measured by exposing seedlings to different
concentrations of TBBPA (0, 5, 10, 20, 40, 80, and 100 mg
kg™! dry weight soil) in a greenhouse. Results showed
5 to 100 mg kg~' TBBPA treatment reduced the shoot
height, stem diameter, dry weight, and fresh weight, while
5 to 100 mg kg~! TBBPA treatment reduced the chloro-
phyll content and induced production of malondialdehyde
(MDA) in soybean leaves after 7 and 14 days of expo-
sure. TBBPA treatment at low concentrations enhanced
soluble sugar and soluble protein content, and it activated
superoxide dismutase (SOD; EC:1.15.1.1), catalase (CAT;
EC:1.11.1.6), and peroxidase (POD; EC:1.11.1.7); how-
ever, high concentrations of TBBPA inhibited activities of
antioxidant enzymes and generation of soluble sugar and
soluble protein.

Keywords Chlorophyll content - Soluble sugar - Soluble
protein - Antioxidant enzymes

Tetrabromobisphenol A (TBBPA) is one of the most widely
used brominated flame retardants globally. TBBPA enters
the environment during the production, consumption, and
disposal of TBBPA-containing products such as electronic
equipment, plastics, and textiles (Alaee et al. 2003; Eriks-
son et al. 2004; Ali et al. 2011). Thus far, TBBPA has been
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detected in air, soil, surface water, sediment, plants and ani-
mals (Abdallah et al. 2008; Roosens et al. 2008; Li et al.
2011). The chemical structure of TBBPA is similar to that
of thyroxin, characterized by cytotoxicity, immune toxic-
ity, and estrogen (Covaci et al. 2009). Therefore, TBBPA is
considered a potential endocrine disruptor. Several studies
have demonstrated TBBPA induces immune toxicity and
cytotoxicity and interferes with the functioning of the endo-
crine system (Pullen et al. 2003; Hamers et al. 2006; Van
der Ven et al. 2008). TBBPA has been shown to be highly
toxic to aquatic animals and mammals, including humans
(Ronisz et al. 2004; Shi et al. 2005). It can accumulate in
the human body through the food chain and impair brain
function and bone development, even causing cancer (Reis-
tad et al. 2005).

Previous studies reported effects of TBBPA on plant
growth. Li et al. (2008) and Dogan et al. (2010) demon-
strated TBBPA inhibited seed germination and induced
oxidative stress in wheat and chickpea. However, the mech-
anisms of damage of TBBPA on plants are not well under-
stood. Therefore, we determined the damage of TBBPA on
soybean seedlings and analysed the mechanisms by meas-
uring the growth index, chlorophyll content, soluble sugar
and soluble protein content, as well as antioxidant enzyme
activities and malondialdehyde (MDA) content in soybean
seedlings under TBBPA stress. Our study will provide a
theoretical basis for understanding TBBPA toxicity mech-
anisms to plants as well as means to protect plants from
damage caused by TBBPA in the future.

Materials and Methods

TBBPA was purchased from the Aladdin Chemistry Co.
Ltd in Fengxian district, Shanghai, China. Soybean cultivar
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Zhoudou22 was provided by Zhoukou City Academy of
Agricultural Sciences.

Soybean seeds were soaked in 70% ethanol for 1 to
2 min followed by treatment with 0.05% sodium hypochlo-
rite for 10 min, then rinsed with sterile water. Seed germi-
nation was induced on moist filter paper placed in a petri
dish kept in an incubator at 25°C without light for 72 h.
After that, air-dried soil was placed into pots of 20 cm
height and 25 cm diameter. TBBPA solution was mixed
with soil, and the final concentrations of TBBPA reached
0, 5, 10, 20, 40, 80, and 100 mg kg_1 dry soil weight (DW),
respectively. A total of 20 seeds were sowed in each cul-
ture pot and covered. Each treatment had three replicates,
and each replicate consisted of 10 pots. Soybean seedlings
without TBBPA treatment served as controls. Then, soy-
bean seedlings were grown in a climate chamber with tem-
perature 30°C/25°C over day/night 12 h /day light regime
and air humidity between 60% and 70%. Fourteen days
after TBBPA treatment, shoot height, stem diameter, and
fresh and dry weight of soybean seedlings were measured
for every TBBPA treatment according to the procedure
described in Lutts et al. (1996). Soybean seedlings were
dried at 110°C in a hot-air oven for 2 days.

After 7 and 14 days of TBBPA treatment, soil samples
were collected and ground to pass through a 2.0 mm sieve
before use. Soil (10 g) was soxhlet extracted for 48 h with
250 mL of 4:1 hexane-dichloromethane. The extract solu-
tion was concentrated into 1 mL using a rotary evapora-
tor and then passed through a C18 solid extraction column
(1.5 mL, 100 mg, Alletch Corporation, USA). The extract
solution was then eluted with 6 mL of methanol. The elute
was concentrated with clean N, flow at 28°C, then recon-
stituted to 1 mL with methanol, and stored at 4°C prior to
analysis. Concentration of TBBPA was determined using
high performance liquid chromatography (Shimadzu
LC-20AT) equipped with an elite hypersil BDS C18 col-
umn (25 um, 4.6 X250 mm) for separation at 40°C and a
diode array detector (SPD-M20A, Japan) for measure-
ment at 290 nm. The mobile phase was methanol: acetic
acid (80:20) at a flow rate of 1 mL min~". Quality control
was measured following the method described by Li et al.
(2011). Quantitative analysis was conducted on a five-point
linear calibration of TBBPA solution obtained by dilution
of the certified standard of TBBPA. Soil (10 g) having no
TBBPA was spiked by adding various concentrations of
TBBPA standard. Samples were analyzed according to the
procedure described above. Blank samples were processed
together with samples, and limits of detection (LODs) were
estimated using a threefold signal-to-noise ratio. A 10-fold
signal-to noise ratio served as the limit of quantification
(LOQs).

Physiological and biochemical parameters were deter-
mined at the seedling stage (7 and 14 days after TBBPA
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treatment) using leaves at the same position on the soy-
bean stem. Superoxide dismutase (SOD) activity was
assayed using the Nitro blue tetrazolium chloride test
according to the method described in Wu and Von Tiede-
mann (2002). Catalase (CAT) activity was estimated
using the UV absorption method following the method
described in Wu and Von Tiedemann (2002). Peroxi-
dase (POD) activity was also analyzed using the guaiacol
assay according to Wu and Von Tiedemann (2002). Chlo-
rophyll content was estimated by the spectrophotometry
method according to Hegediis et al. (2001). Malondial-
dehyde (MDA) content was detected using the thiobarbi-
turic acid assay (TBA assay) according to Hegediis et al.
(2001). Soluble sugar content was measured using the
anthrone assay as described in Zarco-Tejada et al. (2005).
Soluble protein content was analyzed by the Coomassie
brilliant method according to Bradford (1976).

Mean values of all parameters were calculated from
the three replicates. Microsoft Excel 2003 was used to
calculate the mean values and standard deviations. Anal-
ysis of variance (ANOVA) from the statistical software
SPSS16.0 was used to test differences among groups with
factor of TBBPA concentration.

Results and Discussion

Recovery of TBBPA was 96.87%-99.71%. The relative
standard deviations (RSD) were 0.16%—1%. LODs were
0.01 ng/g. LOQs were 0.05 ng/g. Satisfactory linearity
was obtained with a correlation coefficient R =0.9987.
Residual concentrations of TBBPA in different treatments
on days 0, 7, 14 during the exposure period are shown
in Fig. 1. After 14 days of stress, TBBPA concentrations
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Fig. 1 Residual concentrations of TBBPA in different treatments
during the exposure period (data presented as mean + SD)
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in different treatments decreased 3.68%, 4.40%, 6.52%,
8.16%, 5.66%, and 9.26% in the 5, 10, 20, 40, 80 and
100 mg kg~! treatment, respectively, compared to that of
0 day. This suggested TBBPA concentrations were stable
during the treatment period.

Dogan et al. (2010) reported TBBPA significantly inhib-
ited seed germination and root length of chickpea at a con-
centration of 100 mg L™!. However, Sverdrup et al. (2006)
demonstrated 1-1000 mg kg~' TBBPA treatment had no
significant effects on seed germination and growth of red
clover. Current studies showed 5-100 mg kg~' TBBPA
significantly inhibited the growth of soybean seedlings
(Table 1) (p<0.05). Inhibition effects were enhanced with
the increase of TBBPA concentration. TBBPA treatment of
100 mg kg™! produced the strongest inhibitory effect on the
seedling growth, as shoot height, stem diameter as well as
fresh and dry weight decreased by 36.07%, 28.57%, 49.06%
and 58.82%, respectively, compared to control plants
(p<0.05).

Chlorophyll, the main pigment involved in photosynthe-
sis, is used as a key indicator of damage to plant growth
and development caused by soil organics and metals (Wang
and Zhou 2006). Various stresses often result in chlorophyll
content decreasing. This could be attributed to the inhibi-
tion of chlorophyll biosynthesis, disturbance of light-har-
vesting complex formation, and photooxidation breakdown
of free chlorophyll (Horvéth et al. 1996). Li et al. (2008)
demonstrated that 50-5000 mg kg~' TBBPA significantly
decreased chlorophyll content of wheat seedlings, while
below 50 mg kg™, it’s inhibition effect was not significant.
Current studies showed 5-100 mg kg~! TBBPA signifi-
cantly decreased chlorophyll content of soybean seedlings
(Fig. 2), suggesting that much lower TBBPA concentra-
tions brought damage on soybean seedlings. The current
study demonstrated 5-100 mg kg~' TBBPA stress signifi-
cantly decreased the chlorophyll content of soybean seed-
lings after 7 d and 14 d of stress compared to control plants
(»<0.05) (Fig. 2). Chlorophyll content reached the lowest
level at 100 mg kg~! TBBPA after 7 and 14 days of expo-
sure (p <0.05).

Under adverse environmental conditions, plants accu-
mulate soluble sugar to adjust the osmotic potential and

Table 1 Effects of TBBPA on growth of soybean seedlings
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Fig. 2 Changes in total chlorophyll content in soybean leaves after 7
and 14 days of TBBPA treatment. Different lowercase letters indicate
significant differences in chlorophyll content among TBBPA concen-
trations at the same treatment time at p < 0.05 level

to maintain water needed for keeping normal growth (Gill
et al. 2003). Therefore, soluble sugar content can be con-
sidered an indicator of plant stress resistance. Cha-um et al.
(2009) reported that indica rice accumulated soluble sugars
to cope with salt stress. In addition, Mishra et al. (2014)
thought that Ashwagandha (Withania somnifera Dunal)
accumulated soluble sugars to maintain osmotic regula-
tion, protect cell membranes from dissociating, improve
the water retention ability of plant cells and stabilize cell
structure under cadmium stress. However, Roychoudhury
et al. (2012) reported high concentrations of toxic sub-
stances inhibited generation of soluble sugars and impaired
the stress resistance of plants. Current results found solu-
ble sugar content of soybean seedlings increased at low
concentrations with improving TBBPA. However, soluble
sugar content decreased when further increasing TBBPA
concentration (Fig. 3a). After 7 days of stress, 5 to 80 mg
kg~! TBBPA significantly increased the soluble sugar con-
tent of soybean seedlings (p <0.05). Following an increase
in TBBPA concentration, soluble sugar content decreased
and reached the lowest level at TBBPA concentration of

Parameters TBBPA concentration (mg kg™")

0 5 10 20 40 80 100
Shoot height (cm) 26.75+131a  24.10+1.57b  2225+1.70c  22.40+2.11c  20.70+2.35d  19.70+1.05d  17.10+1.10e
Stem diameter (cm) 0.56+0.02a 0.52+0.05b 0.50+0.03b 0.52+0.03b 0.51+0.01b 0.49+0.03b 0.40+0.01c
Fresh weight (g) 1.06 +£0.03a 1.01+0.01b 0.97+0.01b 0.86+0.02¢c 0.85+0.04c 0.74+0.03d 0.54+0.03¢
Dry weight (g) 0.17+0.02a 0.14+0.01b 0.12+0.01c 0.12+0.02c 0.11+0.01c 0.10+0.02d 0.07+0.02¢

Data are means + SD. Different lowercase letters in the same row indicate statistically significant differences at p <0.05
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100 mg kg~'. Soluble sugar content of soybean seedlings
treated with 5 mg kg™ TBBPA was significantly higher
(26.39%) than that of control after 14 days of TBBPA stress
(»<0.05). When treated with 20-100 mg kg~! TBBPA,
soluble sugar content tended to be lower compared to the
control.

Soluble proteins can improve plant tolerance to environ-
mental stress by inducing antioxidant enzymes, detoxifi-
cation enzymes, metabolic enzymes, and several function
factors eliminating free radicals in plants (Naeem et al.
2011). Therefore, the change of soluble proteins content
can reflect the total metabolism level and the extent of
plant damage under both abiotic and biotic stress. In this
study, soluble protein content of soybean seedlings first
showed an increase followed by a decrease with the ris-
ing of TBBPA concentration (Fig. 3b), which is consistent
with the findings of Shu et al. (2012) who found soluble
protein content first ascended and then declined in Jatropha
curcas under Pb stress. Soluble protein content of soybean
seedlings under 540 mg kg 'TBBPA was higher than
that in the control plants after 7 days of stress (p <0.05),
whereas 100 mg kg~! TBBPA inhibited production of sol-
uble proteins. TBBPA stress (5-10 mg kg™!) for 14 days
significantly increased soluble protein content compared
to that in control plants (p<0.05). With the increase of
TBBPA concentration, soluble protein content significantly
decreased (p <0.05) and reached the lowest level at 100 mg
kg~! TBBPA. Current results suggest higher concentrations
of TBBPA inhibited generation of soluble proteins, aggra-
vated the damage on soybean seedlings, and impaired stress
resistance of plants.

Antioxidant enzymes, such as SOD, POD and CAT,
play a vital role in scavenging active oxygen free radicals
induced by pollutants to protect plant cells from damage
(Sun and Zhou 2008). SOD catalyzes superoxide radi-
cals into H,0,, while CAT and POD reduce H,0, to H,O.
Under stress conditions, excessive reactive oxygen spe-
cies (ROS) accumulate and then damage the plant cell. In
order to keep the balance of ROS in plants, antioxidant
enzyme activities, such as SOD, CAT, and POD, increase
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to scavenge excessive ROS and improve stress resistance
in plants (Cui et al. 2015). However, when stress is higher
than the tolerance threshold of the plant, ROS cannot be
eliminated, leading to the decrease in SOD, POD and CAT
activities, further inhibiting plant growth (Li et al. 2008).
Current results showed SOD, CAT and POD activities of
soybean seedlings increased with the increase of TBBPA
concentration, followed by a decrease after 7 and 14 days of
TBBPA stress (Fig. 4). SOD and CAT activities of soybean
seedlings after 7 and 14 days of 5 mg kg~! TBBPA stress
reached the maximum level, while the highest activity of
POD appeared under 40 mg kg™' TBBPA stress (p <0.05).
However, SOD, CAT and POD activities declined following
a further increase in TBBPA concentration. These results
suggested higher concentrations of TBBPA inhibited the
antioxidant enzyme activity, and therefore, the damage of
soybean seedlings caused by TBBPA was aggravated.

After 7 d of TBBPA stress, SOD activity of soybean
seedlings treated with 5 to 80 mg kg~! TBBPA was signifi-
cantly higher than that in the control (p <0.05) (Fig. 4a).
However, SOD activity declined following a further
increase in TBBPA concentration. Seedlings treated with
100 mg kg~! TBBPA showed a significant decrease in SOD
activity compared to the control (p <0.05). After 14 days of
treatment, SOD activity of soybean seedlings treated with
5, 10, and 40 mg kg~' TBBPA was significantly higher
than the control (p <0.05). When treated with 100 mg kg™
TBBPA, SOD activity of soybean seedlings reached the
lowest level (p <0.05).

After 7 days of 5 to 20 mg kg~! TBBPA stress, CAT
activity of soybean seedlings increased by 40.87%,
35.35%, and 26.92%, respectively, compared to the con-
trol (p <0.05) (Fig. 4b). After that, CAT activity of soy-
bean seedling decreased with the increase of TBBPA
concentration by 18.86% and 31.07% under 80 and
100 mg kg~! TBBPA stress, respectively (p <0.05). How-
ever, CAT activity in soybean leaves treated with 10 to
20 mg kg~! TBBPA was not significantly different from
that of the control after 14 days of treatment (p > 0.05).
With the increase of TBBPA concentration, CAT activity



Bull Environ Contam Toxicol (2017) 98:141-146

145

Fig. 4 Changes of the SOD (a), B
CAT (b), POD (c¢) activities and A S 14 0 -
MDA content (d) in soybean '§‘ 300 r 7d E‘: 120 F a 7d
leaves after 7 and 14 days of 250 + 2 b 14d &0
TBBPA treatment. Differ- %D ? 7 g 100 d
ent lowercase letters indicate 5 200 r ? ? = 80 T Z 5
significant differences in SOD; > 150 ’ ﬂ = 60 :
POD, CAT activities and MDA g 100 7 b 3;; 40 U
content among TBBPA concen- 5 ? g d = 20 ; : :
trations at the same treatment a 50 ’ ’E g 5 0 Vi : :
time at p <0.05 level 2 0 22N, ] / 10 20 40
0 5 10 20 40 80 100 Concentration of TBBPA [mg kg'! DW]
Concentration of TBBPA [mg kg ' DW]
D
250.00 m7d @i4d — 160 - @7d@14d a
o
_ & 140 -
_5 200.00 by b 3a T%D 120 f .
2 15000 : g 1% ¢ g |
2. = 80 P ? 1 U
£100.00 S 60 Ve 1 :
i= 1) T ’ ’ 2
% :E 40 ’ ﬁ v ;
A 50.00 : S 20 ‘ ’ ? 149
e amZal sNZENZa 7] = 0 il al.el.g 1. ¥
000 5 %0 40 80 100 0 5 10 20 40 80 100

Concentration of TBBPA [mg kg 'IDW]

in soybean leaves treated with 40 to 100 mg kg~' TBBPA
tended to be lower than the control (p <0.05).

After 7 days of stress, the POD activity of soy-
bean seedling increased by 36.0%, 97.47%, 124.0% and
128.0% at TBBPA concentration of 5, 10, 20 and 40 mg
kg~! than that in the control (p <0.05) (Fig. 4c). How-
ever, with the increase of TBBPA concentration, POD
activity decreased by 7.99% and reached the lowest level
at the concentration of 100 mg kg~!. Changes in POD
activity of soybean seedlings after 14 days of TBBPA
stress were consistent with that after 7 days of TBBPA
exposure.

MDA is an important product of membrane lipid peroxi-
dation in plants under stress conditions and is often used to
assess plant cell membrane lipid peroxidation (Bailly et al.
1996). Compared to the control, soybean seedlings treated
with 5, 10, 20, 40, 80 and 100 mg kg~! TBBPA for 7 days
showed a 95.88%, 119.46%, 149.71%, 178.43%, 181.50%,
and 222.52% increase (p <0.05), respectively, in the MDA
content (Fig. 4d). Changes in the MDA content of soybean
seedlings after 14 days of TBBPA exposure were consistent
with that after 7 days of TBBPA exposure, suggesting that
TBBPA caused lipid peroxidation in soybean seedlings,
and lipid peroxidation continued with increasing TBBPA
concentration. This is supported by the results of Dogan
et al. (2010) and Li et al. (2008) who found that TBBPA
stress increased MDA content of wheat and chickpea seed-
ling, respectively.

Concentration of TBBPA [mg kg'] DW]

The present study demonstrated TBBPA at concentra-
tions 5 to 100 mg kg™! inhibited the growth of soybean
seedlings, reduced the chlorophyll content and induced
production of malondialdehyde (MDA) in soybean leaves.
TBBPA treatment at low concentrations enhanced solu-
ble sugar and soluble protein content and activated SOD,
CAT, and POD; however, high concentrations of TBBPA
inhibited activities of antioxidant enzymes and genera-
tion of soluble sugar and soluble protein. Though there are
reports about damage caused by TBBPA on plants, mecha-
nistic research of TBBPA effects are few. Current results
provide a theoretical basis to understand TBBPA toxicity
mechanisms to plants and further protect them from dam-
age caused by TBBPA in the future. However, owing to the
complexity of the underlying mechanisms, future studies
are needed to investigate potential interactions.
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